annealed at 100 o C for 45 min. Then, Spiro-OMeTAD thin film was deposited via spin coating at 3000 rpm with a ramp of 3000 rpm s -1 for 30 s. Finally, ~100 nm gold was deposited through a shadow mask (cell's effective area, 0.16 cm 2 ). Note that all depositions were conducted in a nitrogen-filled glovebox.
J-V measurement. All devices were tested under 1 sun conditions (100 mW/cm 2 , AM 1.5G, 25 o C) in a solar simulator system (model #SS150 from Photo Emission Tech Inc) equipped with a Xenon lamp. The light intensity was calibrated using a certified Fraunhofer CalLab reference cell. For the perovskite solar cells, all cells' J-V curves were tested at a 50 mV/s scan rate in a custom-built vacuum measurement jig without aperture mask. Note that reverse scan is from V oc to J sc (forward bias → short circuit, 1.2 V → -0.1V), and forward scan is from J sc to V oc (short circuit → forward bias, -0.1 V → 1.2 V). No preconditioning protocol has been used before the characterization.
EQE measurement. The EQE spectra of our perovskite cells were measured with a modified Protoflex QE1400 system without light bias in DC mode using a tungsten light source, two Keithley 2425 sourcemeters, and a reference cell. The EQE response was calibrated using a certified Fraunhofer CalLab reference cell.
Characterization XPS and UPS. X-ray photoelectron spectroscopy (XPS) and ultraviolet photoelectron spectroscopy (UPS) measurements were carried out on an XPS machine (Escalab 250 Xi, Thermo Fisher), with a monochromatic Al K α (1486.7 eV) X-ray source for XPS and a He I (21.2 eV) gas discharge lamp for UPS.
SEM.
A FEI Verios scanning electron microscope (SEM) was used to investigate the surface morphology of samples. A Helios Nanolab 600 FIB system was used to prepare crosssectional SEM images of the cells. Energy dispersive X-ray (EDX) (beam conditions: 10 kV, 1.6 nA) and Backscattered electron (BSE) imaging (beam condition: 5 kV, 50 pA) were performed to analyze perovskite materials. Note that ~2 μm Pt used as a protection layer was deposited on sample before preparing the cross-sectional SEM image.
Transmittance. A PerkinElmer Lambda 1050 UV/Vis/NIR spectrophotometer was used to measure the transmittance of the samples.
XRD. X-ray diffraction analysis was performed with a Bruker D2 Phaser diffractometer operated at 30 kV, 10 mA at 2θ (Cu Kα) 10-80°, step 0.02° and scan speed 2.3° min -1 .
C-AFM:
Conductive atomic force microscopy (C-AFM) measurements were performed on ITO/PMMA and ITO/PMMA:PCBM using Asylum Research Cypher system, where ITO substrates were used as bottom electrodes. Pt/Ir coated conductive tips with spring constant of ~2 N/m and resonant frequencies of ~70 kHz (Asylum research AC240TM) were used for both morphology measurement and C-AFM measurement. Voltages (5 V) were applied between the ITO substrate and the conductive probe tip, and the current was traced by internal preamplifier (Asylum ORCA module, 1 nA/V). As some samples were highly conductive, a 500 MΩ resistance was added to keep the ORCA amplifier from saturating.
Note that the ITO/PMMA sample was prepared by spin-coating 2 mg/mL PMMA in CB on where the device without PMMA:PCBM layer is the control device (non-passivated cell), and the device with PMMA:PCBM layer is the passivated device. Note that the electrondominated devices were prepared by the same procedures as described in the aforementioned device fabrication Then, ~ 50 nm PCBM was deposited by spin-coating 20 mg/mL PCBM in CB at 1000 rpm/s for 40 s; and then, ~100 nm Ag was deposited by thermal evaporation at a deposition rate of 1 Å/s. All SCLC tests were carried out at room temperature and under dark. in CB at 5000 rpm with a ramp of 5000 rpm/s for 30 s, the estimated thickness of PMMA:PCBM passivation layer in our passivated cell was less than 5 nm. In addition, SEM energy dispersive X-ray (EDX) analysis was performed on the mesoporous TiO 2 and perovskite capping layer areas for cross-sections of both non-passivated and passivated cells using an electron beam voltage of 10 kV. From the ratio of (I+Br) to (Pb+Cs+Rb), it can be seen that the composition between the mesoporous TiO 2 regionperovskite capping layer region and across the samples remains close to 3:1 (see Fig. S5 ). FS n/a n/a n/a n/a 
